We investigated the changes of circadian blood pressure patterns after thromboembolic and hemodynamic brain infarction and evaluated the relation between circadian blood pressure variation, infarct location, and activation of the autonomic nervous system after thromboembolic stroke.
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Background and Purpose
We investigated the changes of circadian blood pressure patterns after thromboembolic and hemodynamic brain infarction and evaluated the relation between circadian blood pressure variation, infarct location, and activation of the autonomic nervous system after thromboembolic stroke.
Methods Repeated 24-hour blood pressure measurements were performed in 45 patients with proven first-ever brain infarctions of different origins. Evaluation of serum norepinephrine concentration, prolongation of the QT interval, and degree of cardiac arrhythmias were used to determine the extent of sympathetic activation after thromboembolic stroke.
Results Whereas circadian blood pressure variation was significantly increased after hemodynamic infarction compared with a control group (diastolic, -752±A5% versus -13.8±6.5%; P<.005), a clearly reduced variation was observed after thromboembolic infarction (diastolic, -5.2±6.9%). Blood pressure variation was positively related to serum norepinephrine concen-W hereas the significance of hypertension as a primary risk factor for the development of cerebral infarction is well known, thus far only a few investigations have focused on the nature and extent of alterations of circadian blood pressure patterns after brain infarction. Cerebral infarctions of hemodynamic origin may occur when there is preexisting ipsUateral vascular disease with resulting focal cerebral hypoperfusion during episodes of systemic hypotension, eg, during the night. 12 These "low-flow" infarcts are ischemic lesions that occur in the border zones between two major arterial territories or in the border zones between the superficial and deep territories of the middle cerebral artery. 3 -4 In contrast to this, thromboembolic territorial infarcts (depending on their extent and location) are frequently accompanied by an alteration of the autonomic nervous system. 56 Thus, a pathological sympathic activation is regarded as an important factor that might explain the increased incidence of cardiac arrhythmias and sudden cardiac death after cerebral infarction. 7 - 8 Because the autonomic nervous system plays a major role in regulation of blood pressure, including diurnal and circadian alterations under physiological conditions, 9 alterations of sympathoadrenergic activity can also affect the diurnal blood pressure profile. It has recently become possible to determine circadian blood pressure patterns with a noninvasive blood pressure monitoring system. Until now this method has mainly been used for more precise diagnostic appraisal and monitoring of antihypertensive therapy. 10 -' 2 The objective of our study was to analyze the changes of circadian blood pressure variation after cerebral infarctions of hemodynamic and thromboembolic origin and to establish their possible prognostic and therapeutic relevance. Furthermore, we investigated the relations between infarct location, activation of the autonomic nervous system, and changes of circadian blood pressure variation after thromboembolic cerebral infarction.
Subjects and Methods
From a series of 68 consecutive patients with a proven first-ever cerebral infarction of varying pathogenesis, 45 patients (mean age, 66±10.1 years; 17 women, 28 men) were included in this study. Ten patients showed a watershed infarction of hemodynamic origin, and 35 patients showed a hemispheric territorial infarction of thromboembolic origin. Only hospitalized patients with strictly unilateral brain infarcts and no other pathological findings on computed tomography (CT) or magnetic resonance imaging (MRI) were included. Potential patients were excluded from the study because (1) they received antiarrhythmic drugs (n=8) or agents known to influence the sympathetic nervous system (n=5); (2) the initial 24-hour blood pressure measurement after thromboembolic infarction was not completed within the first 48 hours after stroke onset (n=6); or (3) they received antihypertensive medication during the 24-hour blood pressure measurements because of acute hypertensive values (n=4). Eighteen of the 35 patients (51.4%) had an infarct of the middle cerebral artery territory with involvement of the insular cortex, and 17 (48.6%) had an infarct sparing the insular cortex. Secondary hypertension was carefully ruled out in all patients.
The age-and sex-matched control groups consisted of 30 normotensive hospitalized patients and 26 hospitalized patients with first-ever diagnosed primary arterial hypertension without prior cardiovascular events or antihypertensive medication. The classification was made in accordance with the results of the 24-hour blood pressure measurements. No patient of the control groups received antiarrhythmic drugs, antihypertensive medication, or agents known to influence the sympathetic nervous system during the 24-hour blood pressure measurement. To avoid a selection bias between control and infarction groups, only control patients with a level of activity similar to that of the stroke patients were evaluated.
The essential data of the four groups are shown in Table 1 . The two infarction groups did not differ significantly with regard to age, sex, incidence of ischemic heart disease and diabetes mellirus, or severity of acute neurological deficit according to the Scandinavian Stroke Scale. 13 In addition to Doppler ultrasonography of the extracranial and intracranial brain-supplying vessels, echocardiography and Holter electrocardiographic (ECG) monitoring were performed in all patients. In patients with hemodynamic infarction, vasomotor reactivity (VMR) was determined after CO 2 stimulation.
14 If Doppler ultrasonography showed a high-grade stenosis of a brain-supplying artery, digital arterial subtraction angiography was performed. According to Weiller et al, 13 we defined an infarct as of hemodynamic origin when (1) a watershed infarction was detected on CT or MRI, (2) a high-grade stenosis or an occlusion of the internal carotid artery was found, or (3) a reduced VMR after CO 2 stimulation was found.
14 Moreover, there had to be no indications of a source of emboli on either echocardiography or Holter ECG monitoring.
The long-term blood pressure measurement (Spacelabs ABD-Monitor 90207) was repeatedly taken noninvasively by an oscillometric method during the clinical course. Validation studies that used this monitor demonstrated no significant differences of average systolic (-2%) and diastolic (+1%) blood pressure values compared with intra-arterial measurements. 16 - 17 The measurements were made at intervals of 15 minutes during the entire 24-hour period. The average diurnal values were determined between 6 AM and 10 PM and the average nocturnal values between 10 PM and 6 AM. Circadian blood pressure variation was defined as the average percent change of blood pressure values at night compared with the day values. On average, 78 ±16 successful measurements were performed per patient during the 24-hour period. All measurements marked with an error event code on the monitor because of movement artifacts were manually dropped from the calculations. Systolic, diastolic, and mean blood pressures were reported. Hypertension was diagnosed when the average diurnal values were in excess of 135/85 mm Hg in the initial long-term blood pressure measurement. 10 ' 12 The initial measurement was completed in patients with territorial infarction within the first 48 hours after stroke onset and in patients with hemodynamic infarction within 1 week after the beginning of infarction (mean, 4±1.2 days; n=6) or during the phase of maximum contrast enhancement on CT or MRI (mean, 38±8 days; n=4). In all patients with thromboembolic infarction, a follow-up measurement was performed 7 to 10 days (mean, 8.6±0.7 days) after the beginning of infarction; additionally, in 11 of these patients (31.4%), follow-up measurements were performed for 21 or more days (mean, 27±6 days). Control measurements at monthly intervals at least 6 months after stroke onset were performed in all patients with hemodynamic infarction. The long-term measurement of blood pressure was made on the side ipsilateral to the infarct (unaffected arm) after relevant differences between the sides had been ruled out by conventional checks of blood pressure. The patients were instructed to keep their arms as quiet as possible during the measurement phase. Automatic artifact detection reduced possible measurement mistakes. The blood pressure monitor was manually calibrated for every patient before starting the measurement period. All patients kept a record in which particular events were recorded, specifying the respective time. During the blood pressure measurements, no patient received medication that might have affected the circadian blood pressure rhythmicity.
CT was performed initially after admission and 7 to 10 days after onset of infarction at the time of the second blood pressure measurement with a Somatom DR-H (Siemens) in the axial plane with a slice thickness of 4 mm. MRI (Magnetom Impact, Siemens) was performed in 23 patients (65.7%) with thromboembolic infarction and in all patients with hemodynamic infarction at least once during the clinical course using a 1.5-T magnet with standard acquisition settings and times to produce T,-and T 2 -weighted spin-echo sequences in the axial, verticofrontal, and sagittal planes. To be able to differentiate between blood-brain barrier breakdown and hyperperfusion, 18 an MRI was done in T,-and T 2 -weighted spin-echo sequences and after administration of gadolinium diethylenetriamine penta-acetic acid in a T,-weighted spin-echo sequence in all patients with hemodynamic infarction during the phase of maximum contrast enhancement on CT.
The location and extent of the infarct were established morphometrically from the CT and MRI data using a computer-supported image analysis system. The original horizontal scan slices were transformed by use of least-square algorithms and multilinear interpolation into a standardized stereotaxic space corresponding to the human brain atlas of Talairach and Tournoux. 19 The infarct areas visible on CT/MRI slices were transferred to the corresponding sections of the atlas. For ease of anatomic localization, the coordinate grid of the atlas was superimposed on the images. The involvement of the insular cortex was evaluated with the anatomic three-dimensional proportional system of the atlas. In addition, the infarct volume was calculated morphometrically from the CT/MRI data.
Serum norepinephrine was evaluated in 12 randomly selected patients with thromboembolic infarction (6 with insular cortex infarction) with high-performance liquid chromatography (ClinRep, Recipe) and electrochemical detection initially and 7 to 10 days after infarction on the day of the 24-hour blood pressure measurement (intra-assay precision, 6.7%; interassay precision, 5.3%). There is linearity in the concentration range between 10 pg/mL and 1000 pg/mL. The blood samples were taken between 8 and 9 AM. Thirty minutes before the removal of blood samples, an indwelling heparin lock device was inserted into a forearm vein, and the patients were maintained in bed in a supine position to provide standardized conditions for the sampling.
The QT interval was determined from the conventional ECG on the day of the 24-hour blood pressure measurements. QT prolongation was defined as prolongation of the frequency-corrected QT C time in excess of 115% of the normal value. 20 The degree of cardiac arrhythmias was determined from the Holter ECG monitoring carried out during the first 5 days after the beginning of the infarct. We defined a heart block a2°a nd/or ventricular ectopic beats £2° according to the Lown classification as significant arrhythmia. Atrial fibrillation is a frequent cause of thromboembolic infarcts and was therefore not taken into consideration in the classification of arrhythmia. 21 Diagnosis of myocardial infarction was based on ECG and creatine kinase-MB changes.
All values are given as mean±SD. The statistical analysis was performed with one-way ANOVA. If the overall F value indicated significant differences, subsequent post hoc analysis was performed with SchefK's test for multiple comparisons. Categorical data were analyzed with the Pearson x 1 testComparisons between the two thromboembolic infarction groups were made with the Mann-Whitney test. A calculated difference of /*<.05 was considered to be statistically significant.
Results
Depending on the infarct type, clearly different blood pressure patterns could be demonstrated (Figs 1 and 2 ). After hemodynamic infarction (Fig 1, top panel Fig  2, top panel) and was more than 40% in occasional cases. There was no significant difference of circadian blood pressure variation between patients with a measurement within 1 week compared with patients with a measurement during the phase of maximum contrast enhancement. In addition, there was a pronounced nocturnal hypotension, with minimum values down to 95/50 mm Hg in individual patients. In four patients with a high-grade stenosis (>90%) of the internal carotid artery, chronic arterial hypertension, and an additional inadequate collateralization capacity of the circle of Willis (VMR after CO 2 stimulation, <40%), a prolonged disturbance of the blood-brain barrier was observed. The maximum contrast enhancement on both cerebral CT and MRI could be detected in these patients between day 34 and day 42 after the beginning of infarction. The blood pressure variation was clearly increased during this time (systolic, -20.0±2.15%; diastolic, -22.9±2.58%). In contrast to this, patients with territorial infarcts of thromboembolic origin (Fig 1, middle and bottom panels) showed a reduced circadian blood pressure variation in the initial phase (nocturnal reduction of systolic blood pressure, -4.2±6.0%, /<.005; diastolic, -5.2±6.9%, P<.001 compared with the control groups; Fig 2, top panel) . The physiological nocturnal blood pressure decrease was no longer observed or was observed only to a limited extent even in patients who were initially normotensive. Only 11.4% of the patients showed a physiological reduction in nocturnal blood pressure (<-10%), and 48.6% did not show any significant lowering of the nocturnal blood pressure (-10% to 0%). Indeed, there was a nocturnal rise in blood pressure in 40% (Fig 2, bottom panel) , which could be detected in only one patient (3.9%) in the hypertensive control group and in no patients in the normotensive control group (Fig 2, bottom panel; /<.001). The circadian blood pressure variation was comparable in the two control groups (Fig 2) .
There was a significant linear correlation between serum norepinephrine concentration and circadian blood pressure variation (Fig 3, top panel) . Accordingly, patients with thromboembolic infarction and a nocturnal rise in blood pressure showed on average significantly higher norepinephrine levels than thromboembolic stroke patients with maintained circadian blood pressure variation and a nocturnal fall in blood pressure (525±116 pg/mL, n=5 versus 337±204 pg/ mL, n=7, respectively; /><.O5). At the same time, 78.6% of the patients with a nocturnal blood pressure rise showed a QT C interval prolongation, and 50% showed an arrhythmia. In contrast to this, a QT C prolongation could not be demonstrated in any patient with physiological nocturnal blood pressure reduction (<-10%; /><.O1), and an arrhythmia was detected in only one patient (P<.05).
|
To analyze the effect of infarct location on circadian blood pressure changes, the patients with thromboembolic infarction were divided into subgroups with or without insular cortex infarction (Fig 1, Table 2 ). The age, sex, average potassium and calcium levels, average infarct size, incidence of diabetes mellitus or ischemic heart disease, and severity of acute neurological deficit according to the Scandinavian Stroke Scale 13 were comparable between the two groups ( Table 2) . Compared with the normotensive and hypertensive control groups, there was a reduced circadian blood pressure variation in patients without insular cortex infarction, but on average a nocturnal reduction of blood pressure could be observed (Fig 1,  middle panel) . In contrast to this, there was on average a nocturnal rise in blood pressure in patients with involvement of the insular cortex (Table 2 ; Fig 1,  bottom panel) . No patient with insular infarction, but 23.5% of the patients without insular infarction, showed a physiological nocturnal reduction of blood pressure ( < -1 0 % ) . On the other hand, a nocturnal rise of blood pressure was observed in 66.7% of patients with insular cortex involvement but in only 11.8% of patients without insular cortex infarction (Table 2 ). In addition to a significantly higher norepinephrine concentration, patients with insular cortex infarction showed a QT C interval prolongation and an increased rate of arrhythmia significantly more frequently ( Table 2) . Two of these patients (11.1%) but none of the other group developed myocardial infarction on days 5 and 7 after stroke.
In the subsequent clinical course, the patients with hemodynamic infarction did not show any appreciable change in the circadian blood pressure patterns without antihypertensive medication. In contrast to this, a significantly increased average circadian blood pressure variation was observed compared with the initial values (-8.5±4.8% versus -4.1±6.1%; P<.05) 7 to 10 days after stroke onset in the patients with thromboembolic infarction. However, this was still substantially less than the values of the hypertensive control group (P<.05). These findings were accompanied by a significant reduction of the norepinephrine concentration compared with the initial investigation (246 ±114 pg/mL versus 415 + 193 pg/mL; P<.01). Altogether, there was still a nocturnal rise of blood presssure in 11.4% of the patients with thromboembolic infarction, while only 31.4% showed a physiological nocturnal reduction of blood pressure ( < -1 0 % ) . Whereas no patient without involvement of the insular cortex showed a nocturnal rise of blood pressure, 33.3% of the patients with insular cortex infarction showed such a blood pressure pattern. In the third measurement after 21 days or more, no appreciable alteration of the blood pressure variation compared with the second investigation was observed. 
Discussion
We found different changes of circadian blood pressure patterns after brain infarction depending on the pathogenesis and location of the stroke. In contrast to normotensive patients or patients with primary hypertension who showed a biphasic circadian blood pressure pattern with physiological nocturnal blood pressure decreases in excess of 10%, u -12 there was a pathologically reduced or indeed abolished circadian blood pressure variation after thromboembolic hemispheric infarction. Initially, only a slight nocturnal reduction of blood pressure (-10% to 0%) was observed in 48.6% of the patients, and 40% showed a nocturnal rise of blood pressure. This indicates that an acute brain infarction led to a disturbance of the physiological biphasic blood pressure regulation.
One could argue that the changes of blood pressure patterns are only due to differences in the level of activity or other unspecific factors. However, there were no significant differences in most clinical data and in the level of activity between patients with thromboembolic infarction and control subjects. The circadian blood pressure values of both control groups are comparable to recent findings in a large group of normotensive subjects as well as patients with primary hypertension 22 and thus make it unlikely that there was a systematic selection bias concerning our control patients. Moreover, all patients were carefully screened to rule out secondary hypertension, in which an abolished circadian blood pressure pattern with nocturnal blood pressure increases could be observed. Furthermore, the pronounced effect of insular infarction on blood pressure patterns, cardiac parameters, and norepinephrine concentration indicates, in our opinion, that the observed changes could be ascribed to infarction itself rather than to unspecific effects. Previous clinical investigations and experimental models of ischemic stroke elicited increased sympathetic activity after stroke, as suggested by raised plasma catecholamine levels, 5 -6 elevated serum cardiac enzyme values, 7 ' 8 increased sympathetic nerve activity, 23 and increased incidence of arrhythmias and myocytorysis. 8^-24 In our investigation the patients with abolished circadian blood pressure rhythmicity showed a significantly higher norepinephrine concentration than the patients with maintained nocturnal reduction of blood pressure. The plasma norepinephrine concentration has been accepted as an index of peripheral and increased sympathetic activity, these patients showed a QT C interval prolongation and an increased rate of arrhythmia during Holter ECG monitoring significantly more frequently than patients without insular cortex infarction. Because there are no major differences between these two groups for serum electrolytes, level of activity, incidence of ischemic heart disease or diabetes mellitus, and other clinical data, it is assumed that these clearly different ECG findings are related to the stroke. Our results indicate (although not always directly) that the insular cortex is involved in mediating the sympathetic consequences of stroke in humans and that insular cortex infarction leads to a pronounced pathological sympathetic activation. These findings are also corroborated by the fact that two of the patients with insular cortex infarction (11.1%) developed myocardial infarction.
Since the likelihood of sudden death is not related to the cardiac status or the severity of stroke, 29 it becomes difficult to monitor these patients. Our results indicate that analysis of circadian blood pressure patterns may be an additional useful parameter to appraise the extent of sympathetic activity and thus the danger to the patient. It seems clinically important that an abolition of circadian blood pressure variation was found in 11.4% of our patients 7 to 10 days after infarction and was detected almost unchanged after 3 weeks or more, whereas such a blood pressure pattern was not present in any normotensive patient and was present in only one hypertensive patient of the control groups. Indeed, 33.3% of the patients with insular cortex infarction continued to show a nocturnal rise of blood pressure, which indicates that an increased sympathetic activity persists for a long time in these patients. This may sympathetic activity in previous studies.
5 ' 25 Moreover, various investigations demonstrated that the sympathetic system plays a major role in circadian blood pressure regulation.
26
- 27 The diurnal fluctuations in blood pressure thus parallel the circadian catecholamine concentrations with a pronounced synchrony between the two parameters over 24 hours. 26 The initial changes of the blood pressure patterns could thus be interpreted as a manifestation of increased sympathetic activity after thromboembolic stroke. This view was further supported by the fact that the normalization of blood pressure patterns during the follow-up was associated by a decrease of the initially elevated norepinephrine levels.
Several investigations indicate that the insular cortex is involved in the regulation of the autonomic nervous system. 13 - 25 The importance of the insula in the mediation of the sympathetic consequences of stroke was first suggested by the results of experimental studies that demonstrated that infarction of the insula is associated with raised plasma norepinephrine, 23 increased sympathetic nerve activity, and myocardial damage. 23 Recently, Oppenheimer et al 28 demonstrated changes of cardiovascular parameters for the first time during intraoperative insular cortex stimulation in humans. Different alterations of blood pressure variation, plasma norepinephrine concentration, and ECG parameters depending on the location of the infarction were also demonstrated in our study, to our knowledge for the first time in humans. The patients with insular cortex infarction initially showed a significantly higher norepinephrine level, which correlated with a reduced or even absent circadian blood pressure variation and a nocturnal rise of blood pressure. As a sign of cardiac instability explain the finding that an increased risk of sudden cardiac death is present for up to 30 days after stroke irrespective of the clinical state. 29 In contrast to thromboembolic stroke, we found a pathologically increased circadian blood pressure variation after hemodynamic infarction. Whereas hypertensive blood pressure values were present without exception during the day, there was a pronounced reduction of the blood pressure values at night. This circadian blood pressure pattern differed conspicuously from the results in primary hypertension, in which there is usually an equivalent shift from day and night values to higher blood pressure values. 1012 Several studies suggest that low-flow infarctions can be related to the distinct hemodynamic effects of severe extracranial occlusive disease, with resulting cerebral hypoperfusion during episodes of systemic hypotension.-Nevertheless, it has been proposed that additional factors must be involved in the decrease in perfusion pressure that cause the low-flow infarct. Several authors have found a clearly reduced vasomotor reserve capacity or perfusion reserve, indicating an inadequate intracranial collateral blood supply after hemodynamic infarction with chronic hemodynamic compromise.-Our data indicate that a pathological circadian blood pressure pattern could then be an important factor for the pathogenesis of these infarcts. As a manifestation of the hemodynamic relevance of the ipsilateral internal carotid artery stenosis that could be demonstrated in each case, all our patients showed a pathologically reduced VMR of less than 50% after CO 2 stimulation. This finding indicated a greatly reduced cerebrovascular reserve capacity.-In addition, the patients had only inadequately treated arterial hypertension. In chronic arterial hypertension, the autoregulation curve is shifted to higher blood pressure levels, leaving the brain less tolerant to acute arterial blood pressure reductions. 32 In this situation, a decrease of blood pressure at night evidently led to a critical reduction of cerebral blood flow. Moreover, this mechanism may have led to the prolonged blood-brain barrier breakdown in four of our patients with chronic arterial hypertension and the most reduced VMR (<40%) as a morphological con-elate of repeated nocturnal ischemia.
The identification of a subgroup of stroke patients with critically impaired cerebral hemodynamics may have a major impact on their management. 1 To assert rapid and effective diagnostic and therapeutic strategies, low-flow infarctions must be differentiated from other subcortical stroke types such as lacunar infarction and large striatocapsular infarction. Lacunes are normally located in the basal ganglia and internal capsule, 33 but such lesions may have the same size and site as low-flow infarcts. For differentiation, the evaluation of pathophysiological methods such as cerebral hemodynamic reserve has been proposed. 15 Moreover, analysis of circadian blood pressure changes may provide useful additional information in patients with severe hemodynamic compromise: the constellation of an increased circadian blood pressure variation with hypertensive daily values and nocturnal hypotension may indicate hemodynamic rather than thromboembolic mechanisms in these patients. In conclusion, the observed differences in circadian blood pressure patterns may (1) help to distinguish the pathophysiological basis of the stroke, (2) help to explain worsening in some cases of hemodynamic stroke, (3) confirm the importance of the insular cortex for sympathetic activation after brain infarction, and (4) identify subgroups of patients at increased risk for myocardial infarction and arrhythmia.
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